We use an anisotropic atom-atom model to describe the crystalline phases of α-, β-and γ-S 8 crystals, the most stable compound of elemental sulfur in solid phase, at Introduction:
Introduction:
Our knowledge of the complex phase diagram of elemental sulfur, as well as of the statical, dynamical and thermodynamical properties of all its condensed phases, are far from The most stable, and the most studied, sulfur allotrope at ambient temperature and We recently reported 10,11 a series of constant pressure-constant temperature classical MD simulations of α−, β− and γ − S 8 crystals using an extremely simple and flexible molecule model, a slight modification of the one proposed in the constant volume MD simulations of α-S 8 9 . The simple intermolecular potential was of the Lennard-Jones (LJ) atom-atom type, except that its parameters were fitted in ref. 10 to the experimental data on the STP crystalline structure of α-S 8 and its estimated configurational energy. These LJ parameters (ε iso = 1.70kJ/mol and σ iso =3.39Å) were afterwards used throughout the calculations of all samples of α−, β− and γ − S 8 crystals at different temperatures 10, 11 . The intramolecular potential included an harmonic well for the SSS angle and a torsional potential of the double well type for the sulfur chain, at variance with hydrocarbon chains that show a triple well torsional potential. These intramolecular coordinates fully describe all the low frecuency intramolecular modes that mix with lattice modes and can, therefore, be relevant for the 2 lattice stability or in the onset of structural phase transitions.
Our calculations showed that the simple and flexible molecule model succesfully reproduced most experimental data available on the three crystals 10, 11 , including structural data at STP and the high temperature orientationally disordered phase of β-S 8 . Nevertheless, below 200K this simple isotropic LJ model did not reproduce the 100K structure of α-S 8 , as determined by a neutron and X-ray measurements 12 . Although no structural phase transitions was measured for α-S 8 crystals 12 , below 200K, our orthorhombic sample turned out unstable and transformed to a monoclinic structure that we labeled α'-S 8 10,11 ( Fig. 1) .
Assuming that the experimental data of ref. 12 do not correspond to a metastable state, the problem can be correlated to the extremely simple model molecule and in this work we propose to take into account the anisotropy of the sulfur atom due to its s 2 p 4 electronic configuration. This idea is not new, it gave excellent results in similar problems. For example, in the case of alkane hydrocarbon chains it is known that an unique isotropic atom representing the CH 2 units is able to reproduce many facts of the high temperature phases 13 , but agreement with the measured crystalline structures is attained only when hydrogen atoms are explicitly included 14 .
Also in ref. 15 the parameters of an aspherical atom-atom model were fitted to reproduce 11 crystalline structures of elemental sulfur, the location of the sites that simulates the lonepair electronic distribution was refined. The calculations were performed in the harmonic approximation, for rigid molecules, and no attempt to include temperature, lattice stability or frequencies is performed.
In the next sections we present the anisotropic intermolecular potential of the present calculations, the method of calculation, the obtained results for α-, α'-, β− and γ − S 8 crystals and our conclusions.
The anisotropic atom-atom potential:
For the present calculations we propose an improved atom-atom LJ intermolecular potential based on the experimental charge distribution of α-S 8 12 , where the location of the sulfur lone pair orbitals were determined. Our second molecule model replaces each isotropic LJ site of the first model by four sites at 0.6Å of the atom, two located along the SS bonds and two generated with the S 4 element of symmetry located at the atomic site. The new LJ parameters were simply taken as: ε ani = ε iso /16 and σ ani =σ iso , and were afterwards used to perform a new series of MD runs of the above mentioned crystalline phases.
The intramolecular potential model is essentially equal to that of refs. 10, 11 , except that the force constants take now a value about 10 % lower. In this way the fit of the intramolecular frequencies to the experimental data is improved. The intramolecular potential for the S-S-S bending angles consists of an harmonic well
with a force constant of C β =22000k B /rad 2 and β 0 = 108deg., k B is the Boltzmann constant.
The intramolecular potential for torsion (τ ) angles is a double well:
with A τ =51.473 k B , B τ =664.573 k B , C τ =2068.092 k B and D τ =476.453 k B . These parameters describe a double well with minima at τ = + − 98.8deg., and a barrier height of about 8kJ/mol at τ =180deg. The barrier height at τ =0deg. is of 27kJ/mol, out of the range of energies explored in these simulations.
Calculations:
The method of calculation, as well as the performed series of numerical simulations are equal to those performed in refs. 10, 11 , the only change is in the potential model used. 
Results:
Using the anisotropic LJ model the orthorhombic α-S 8 sample do not show the phase transition to monoclinic α'-S 8 below 200K. Nevertheless, if a new series of simulations are performed on a sample that initially has the structure of α'-S 8 , this phase is calculated sta-ble, with a configurational energy lower than that of α-S 8 (Fig. 1) . It has to be pointed out that, when analyzing the relative stability of two phases we have estimated the Gibs free energy of our samples, but the contribution of the entropy (due to the vibrational modes) turned out to be similar for both, therefore for the sake of clarity we include in our figure only their configurational energies.
The rest of the calculated properties, for the three crystals, are roughly very similar to those obtained with the isotropic LJ model 10, 11 . The calculated configurational energy and volume per molecule ( Fig. 1) , lattice parameters and molecular array of the three phases compare well with the experimental data (within 1% for α-S 8 to 5% for γ-S 8 , at STP), including the smallest volumen per molecule for γ-S 8 crystals.
The calculations also reproduced the orientationally disordered phase of β-S 8 . At high temperatures, the molecules at (0,0,0) and (1/2,1/2,1/2) are dynamically disordered. The inertial axis perpendicular to the molecular plane librates around its equilibrium orientation, whilst the molecule reorientates within the plane. We calculate a characteristic reorientational time (within molecular plane) of 9ps. at 375K. Below 150K, both molecules are related by a C2 symmetry axes.
As in refs. 10, 11 , the α-β phase transition was not found in our calculations, in accord with the experimental fact that the transitions are promoted by disorder 2 , if not, metastable states can be maintained for days. As in refs. 10, 11 , with anisotropic atom-atom model the solid-liquid phase transition is also calculated at temperatures near the experimental value (∼400K), but only for a disordered sample of S 8 molecules. The last calculation is only of theoretical interest, and we did not intend to simulate the real liquid phase of elemental sulfur. The experimental data show that the disorder, in the case of the solid-liquid phase transitions, is generated because the S 8 molecules start to dissociate when the temperature of the sample is near the melting point.
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Conclusions:
It has to be pointed out that, as we are dealing with molecular crystals, as long as no chemical reactions or electronic excitations are involved, the classical approximation is good enough for the calculation of structural and dynamical properties. Moreover, simple model molecules can be very helpul to elucidate the complex phase diagram of the different crystalline allotropes of elemental sulfur.
We have found that, even when the anisotropic model seems to be more 'realistic', both calculate the same stable structures, being the isotropic model more sensitive to changes in the thermodynamic parametes P and T than the anisotropic model.
In conclusion, because of the amount of experimental data that these model molecules reproduce, and due to the fact that the α'-S 8 allotrope is calculated stable with both model potentials, we propose a thorough measurement of the crystalline phases of S 8 , including different techniques employed to grow the crystals at different temperatures. We plan to extend our calculations to the crystalline phases of other molecular allotropes and also to the liquid phase. 
